Regulation of protein function by phosphorylation and dephosphorylation is an important mechanism in many cellular events. The phototropin blue-light photoreceptors, plant-specific AGCVIII kinases, are essential for phototropic responses. Members of the D6 PROTEIN KINASE (D6PK) family, representing a subfamily of the AGCVIII kinases, also contribute to phototropic responses, suggesting that possibly further AGCVIII kinases may potentially control phototropism. The present study investigates the functional roles of Arabidopsis (Arabidopsis thaliana) AGCVIII kinases in hypocotyl phototropism. We demonstrate that D6PK family kinases are not only required for the second but also for the first positive phototropism. In addition, we find that a previously uncharacterized AGCVIII protein, AGC1-12, is involved in the first positive phototropism and gravitropism. AGC1-12 phosphorylates serine residues in the cytoplasmic loop of PIN-FORMED 1 (PIN1) and shares phosphosite preferences with D6PK. Our work strongly suggests that the D6PK family and AGC1-12 are critical components for both hypocotyl phototropism and gravitropism, and that these kinases control tropic responses mainly through regulation of PIN-mediated auxin transport by protein phosphorylation.
Introduction
Phototropism, a light acclimation response in plants, consists of two types of responses, first positive and second positive phototropism (Poff et al. 1994 , Iino 2001 , Whippo and Hangarter 2006 , Briggs 2014 . A unilateral irradiation pulse of blue light induces the first positive phototropism ( Supplementary Fig. S1 ), and the phototropic curvatures depend on total light fluences. The second positive phototropism is induced by a prolonged unilateral blue-light irradiation ( Supplementary Fig. S1 ), and the magnitudes of the phototropic response become larger as the duration of irradiation increases. Recent molecular genetic studies have identified several critical components that function in the early events of phototropic signaling, such as a blue-light photoreceptor phototropin (phot) and phot-binding proteins , Christie and Murphy 2013 , Briggs 2014 .
Blue-light signals perceived by phots finally produce a lateral auxin gradient between the irradiated and shaded sides, causing growth asymmetry and phototropic curvatures toward the light source (Iino 2001) . The mechanism, known as the Cholodny-Went theory, has been well studied for many years. It is thought that auxin transporter PIN-FORMED (PIN) proteins are critical components for the generation of auxin asymmetry because pin mutants have phototropic impairments in addition to defects in auxin gradient formation in Arabidopsis thaliana (Friml et al. 2002 , Ding et al. 2011 , Willige et al. 2013 . Furthermore, Ding et al. (2011) postulated a plausible regulatory model where photmediated transcriptional down-regulation of the AGCVIII kinase PINOID (PID), which may control PIN membrane localization through PIN phosphorylation, produces an asymmetrical PIN distribution, resulting in auxin gradient formation during phototropic responses. In conflict with this hypothesis, our own analysis demonstrated that PID or the PID-related proteins, WAVY ROOT GROWTH1 (WAG1), WAG2 and PID2, are not necessary for continuous-light-induced second positive phototropism because no detectable difference in these responses was observed between a pid quadruple mutant and the wild type (Haga et al. 2014) . Furthermore, we could show that phytochrome photoreceptors rather than phots are involved in the transcriptional down-regulation of the PID family members . Here, pre-treatment with red light enhanced pulse-induced first positive phototropism, but such enhancement could not be induced in the pid quadruple mutant, suggesting that the PID family has a critical role in phytochrome-mediated phototropic enhancement but not in continuous-light-induced phototropism (Haga et al. 2014) . The results imply that other types of regulatory components are involved in phototropic responses besides the PID family.
D6 PROTEIN KINASEs (D6PKs), which form a family of four closely related protein kinases, also have a critical role in hypocotyl phototropism in Arabidopsis (Willige et al. 2013) . D6PKs, as well as phots and the PID family, belong to the AGCVIII kinases (Supplementary Fig. S2 ; Galván-Ampudia and Offringa 2007) and are known to regulate auxin transport activity through phosphorylation of PIN proteins (Zourelidou et al. 2009 ). Studies on D6PKs have shown that continuous-light-induced phototropism and basipetal auxin transport are impaired in d6pk double, triple and quadruple mutants, which correlates with impaired auxin asymmetry at least in the d6pk triple mutant (Willige et al. 2013) . Therefore, D6PK kinases are the most likely candidate regulators of auxin gradient formation during phototropic responses. The roles of the D6PK family have only been investigated in continuous-light-induced phototropism (Willige et al. 2013) . Functions of D6PK proteins in other types of phototropism, such as pulse-induced first positive phototropism and timedependent second positive phototropism, remain to be resolved. Therefore, detailed analysis of d6pk mutants in phototropic responses will be necessary to understand the functional roles of the D6PK family in phototropism.
Here, we investigated the functional roles of AGCVIII kinases including the D6PK family in hypocotyl phototropism. The present study demonstrates that the D6PK family is a critical component for both first and second positive phototropism. We further show that another AGCVIII kinase, AGC1-12, is necessary for pulse-induced first positive phototropism. Our analysis demonstrates that AGC1-12 phosphorylates the PIN1 hydrophilic loop and shares phosphosite preferences with D6PK, suggesting that AGC1-12 and D6PK may function redundantly in hypocotyl phototropism.
Results
The D6PK family is necessary for both first positive and second positive phototropism
The D6PK gene family comprises four members, D6PK, D6PK-LIKE1 (D6PKL1), D6PKL2 and D6PKL3 (Zourelidou et al. 2009 ). To analyze the physiological characteristics of mutants with mutations in the four D6PK genes, we first observed morphological alterations in a set of single, double, triple and quadruple mutants (Zourelidou et al. 2009 ). The d6pk mutations induced morphological changes in the cotyledon and apical hook ( Fig. 1) , as reported previously (Zourelidou et al. 2009 , Willige et al. 2013 . In particular, the d6pk d6pkl1 d6pkl2 d6pkl3 (d6pk0123) quadruple mutant showed an open hook phenotype when the seedlings were grown under complete darkness (Fig. 1A) . Because D6PKs promote auxin transport activity of PIN proteins ) and auxin promotes hypocotyl growth (Takahashi et al. 2012) , it might be expected that hypocotyl growth is significantly impaired in multiple d6pk mutants. In contrast to our expectation, we found that elongation growth of the dark-grown seedling hypocotyls was not affected in any of the d6pk mutant combinations including the d6pk d6pkl1 d6pkl2 (d6pk012) triple and the d6pk d6pkl1 d6pkl2 d6pkl3 (d6pk0123) quadruple mutants (Fig. 1B) .
Although d6pk mutants have been described as being impaired in their phototropic responses, a detailed physiological characterization of this phenotype remained to be performed (Willige et al. 2013) . We first investigated pulse-induced first positive phototropism in the d6pk mutants. Two-day-old darkgrown seedlings were irradiated with a unilateral pulse of blue light at the optimum total fluence (0.0017 mmol m À2 s À1 for 1 min; Haga and Sakai 2012) and incubated under complete darkness for 3 h to develop phototropic curvatures. Under such conditions, wild-type hypocotyls showed around 20 curvatures ( Fig. 2A) . Although the pulse-induced phototropism was not impaired in d6pkl1, d6pkl2 and d6pkl3, the d6pk single mutant displayed severe defects in phototropic responses ( Fig. 2A) . Furthermore, the phototropic impairment became more significant in the higher orders of d6pk multiple mutants, and specifically the d6pk01 double mutant and the triple mutants (d6pk012 and d6pk013) or the d6pk0123 quadruple mutant could not respond to the blue-light pulse. The results clearly indicate that pulse-induced first positive phototropism is fully dependent on D6PK genes. for 60 s). The hypocotyl curvatures were determined 3 h after the onset of blue light. The data shown are the means ± SE of 14-16 seedlings. Asterisks represent a statistically significant difference between the wild type and mutants (Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001).
(B) Pulse-induced phototropism with red-light pre-treatment. To enhance phototropic curvatures, seedlings were pre-treated with overhead red light for 2 min at 20 mmol m À2 s À1 before the phototropic stimulation. Two hours after the pre-treatment, the seedlings were stimulated with unilateral blue light at the optimum total fluence (0.017 mmol m À2 s À1 for 60 s). The data shown are the means ± SE from 14-19 seedlings. (C) Time-dependent phototropism. The seedlings were pre-treated with overhead red light. After 2 h, they were stimulated with unilateral blue light at 0.17 mmol m À2 s À1 for 27 min. Phototropic curvatures were determined 3 h after the onset of blue light. The data shown are the means ± SE from 15-18 seedlings. (D) Continuous-light-induced phototropism. Following red-light pre-treatment, the seedlings were stimulated with unilateral blue light at 0.17 mmol m À2 s À1 for 3 h. Phototropic curvatures were determined 3 h after the onset of blue light. The data shown are the means ± SE from 15-20 seedlings. (E) Time course analyses of continuous-light-induced hypocotyl phototropism. Phototropic curvatures were determined at 10 min intervals. The data shown are the means ± SE from 8-12 seedlings. Other details are as described above. (F) Hypocotyl phototropism and gravitropism in the d6pk quadruple mutant and the pin triple mutant. Dark-grown seedlings were irradiated with unilateral blue light (0.17 or 100 mmol m À2 s À1 ) for 24 h or displaced horizontally for 24 h. The pin3 pin4 pin7 (pin347) triple mutant was produced by crossing pin3-4 (Salk_038609), pin4-3 (CS9368) and pin7 (Salk_048791) mutants. The data shown are the means ± SE from 12-16 seedlings.
Because red-light pre-treatment enhances pulse-induced phototropism in Arabidopsis hypocotyls , we next investigated the effects of red-light pre-treatment on the phototropic responses in the d6pk mutants. When dark-grown wild-type seedlings were pre-treated with overhead red light (20 mmol m À2 s À1 for 2 min) and stimulated with a pulse of blue light at the optimum total fluence (0.017 mmol m À2 s À1 for 1 min; Haga and Sakai 2012) , the phototropic responses were around 2-fold higher than those induced by a pulse of blue light at the optimum total fluence (0.0017 mmol m À2 s À1 for 1 min; Haga and Sakai 2012) without the pre-treatment ( Fig. 2A, B) . Similar enhancement was observed in the d6pkl1, d6pkl2 and d6pkl3 single mutants. Although phototropic impairment appeared in the d6pk single mutant and the d6pk double mutants (d6pk01, d6pk12 and d6pk03), those mutants showed enhanced phototropism by red-light pre-irradiation (Fig. 2B ). On the other hand, phototropic bending was severely impaired in the triple mutants and the quadruple mutant irrespective of red-light pre-treatment ( Fig. 2A,  B) . The results made it difficult to clarify participation of the D6PK family and we could not determine its function in the phytochrome-mediated enhancement of pulse-induced phototropism.
We also analyzed second positive phototropism. To induce time-dependent second positive phototropism, dark-grown seedlings pre-treated with overhead red light were irradiated with unilateral blue light at 0.17 mmol m À2 s À1 for 27 min and incubated under complete darkness for around 2.5 h (Fig. 2C) . Under these conditions, the wild type showed time-dependent phototropism (>70 curvature). As in the case of pulseinduced phototropism, the d6pkl2 and d6pkl3 single mutants did not exhibit significant impairment of the phototropic responses. The d6pk and d6pkl1 single mutants, however, displayed severe phototropic defects, which were further enhanced in the d6pk01 double mutant. Time-dependent phototropism was almost completely attenuated in the d6pk013 triple mutant and the d6pk0123 quadruple mutant. These results suggest that the D6PK family is an essential component not only for pulse-induced phototropism but also for time-dependent second positive phototropism. In the case of time-dependent phototropism, however, the contribution of D6PKL2 might be minor, because the phenotypes of d6pk12 and d6pk012 were almost the same as those of d6pkl1 and d6pk01, respectively.
Next, we investigated continuous light-induced second positive phototropism. When wild-type seedlings pre-treated with red light were stimulated with unilateral blue light at 0.17 mmol m À2 s À1 for 3 h, the hypocotyl bent to a nearly horizontal position (Fig. 2D) . In contrast to pulse-induced and time-dependent phototropism, none of the d6pk single mutants showed significant defects in hypocotyl phototropism. However, the double (d6pk01), triple (d6pk012 and d6pk013) and quadruple (d6pk0123) mutants exhibited defects of phototropic responses that were more pronounced in the higher order d6pk mutants. To clarify the nature of these phototropic impairments in more detail, time courses of continuous-light-induced phototropism were investigated (Fig. 2E) . In wild-type seedlings, phototropic curvatures started 30 min after the onset of blue-light stimulus and gradually reached the horizontal position with oscillations as previously reported . Although the steady-state levels of phototropic curvatures in the d6pk single mutant were very similar to those in the wild type, the phototropic curvature rates were reduced (Fig. 2E ). In the d6pk01 double, d6pk012 triple and d6pk0123 quadruple mutants, this attenuation was gradually enhanced with regard to hypocotyl bending but also with regard to the amplitude of the oscillations (Fig. 2E ). This result indicates that continuouslight-induced hypocotyl phototropism is strongly dependent on D6PKs.
As reported previously (Willige et al. 2013) , not only gravitropism but also phototropism induced by a strong blue light (100 mmol m À2 s
À1
) were severely impaired in the d6pk0123 quadruple mutant and the pin3 pin4 pin7 (pin347) triple mutant when seedlings were stimulated for 24 h (Fig. 2F) . Interestingly, a relatively weak blue light (0.17 mmol m À2 s À1 ) induced phototropic curvatures of around 40 in the d6pk0123 quadruple mutant and 80 in the pin347 triple mutant, respectively (Fig. 2F) . The results suggest that different components may function in hypocotyl phototropism depending on light intensities when phototropic stimulation is prolonged.
Our previous analysis demonstrated that PIN3 is involved in both pulse-induced phototropism and time-dependent phototropism , and the present study indicates that the D6PK family also participates in phototropic responses (Fig. 2) . Therefore, we next investigated the genetic interaction of D6PK and PIN3 using the d6pk pin3 double mutant ( Fig. 3;  Supplementary Fig. S3 ). As reported previously, the pin3-4 mutant does not display any defects in continuous-lightinduced phototropism, but pulse-induced and time-dependent phototropism are significantly impaired in this pin3 allele . The d6pk pin3 double mutant showed phototropic defects similar to those of the d6pk single mutant Fig. 3 Hypocotyl phototropism in the d6pk pin3 double mutant. For pulse-induced phototropism, hypocotyls were stimulated with unilateral blue light at the optimum fluences with or without redlight pre-treatment (see Fig.2 ). For time-dependent phototropism and continuous-light-induced phototropism, seedlings were stimulated with unilateral blue light at 0.17 mmol m À2 s À1 for 27 min and 3 h, respectively. Phototropic curvatures were determined 3 h after the onset of blue light. The data shown as values relative to the wild type are the means ± SE from 16 seedlings.
without statistically significant differences of hypocotyl curvatures under all conditions (Fig. 3) , suggesting that D6PK and PIN3 are probably working in the same genetic pathway of hypocotyl phototropism under all light conditions. D6PK influences the expression patterns of the auxin reporter gene A previous study indicated that the asymmetric expression pattern of the DR5::GUS (b-glucuronidase) auxin reporter gene is undetectable in the phototropic responses in the d6pk012 triple mutant (Willige et al. 2013) . By using the d6pk single mutant harboring DR5rev::GFP (green fluorescent protein), we again analyzed the alteration of auxin distribution during continuous-light-induced phototropism (Fig. 4) . In wild-type seedlings, GFP signals were distributed evenly in hypocotyls under dark conditions, and a continuous bluelight stimulus induced an asymmetrical distribution of GFP signals between shaded and irradiated sides (Fig. 4A, B) . Although an even distribution of GFP signals was also observed in the d6pk mutant before the blue-light stimulus, the bluelight-induced gradient formation of GFP signals was severely impaired in the mutant even when the phototropic curvatures were induced (Fig. 4A, B) . We also investigated auxin distribution during continuous-light-induced phototropism using a fluorescent auxin analog [7-nitro-2,1,3-benzoxadiazole (NBD)-conjugated naphthalene-1-acetic acid (NAA); Haga et al. 2014 . Phototropic stimulation induced clear asymmetric distribution, i.e. much weaker signals in the irradiated side than those in the shaded side, in wild-type seedlings, but not in the d6pk mutant (Fig. 4C) . The results suggest that D6PK is involved in the generation of auxin asymmetrical distribution induced by phototropic stimulation and that the undetectable asymmetric auxin distribution or another unknown mechanism induces the phototropic responses in the d6pk single mutant.
Blue light does not alter expression and localization of D6PK proteins
To investigate whether phototropic stimulation affects D6PK proteins, we generated d6pk transgenic plants harboring D6PKpro::YFP-D6PK (YFP-D6PK) whose phototropic impairments were complemented (Fig. 5A) . Crude protein extracts were prepared from dark-grown transgenic plants, which were stimulated with blue light at 0.17 mmol m À2 s À1 for 1 h, followed by immunoblotting with anti-yellow fluorescent proitein (YFP)/GFP antibody. However, phototropic stimulation did not show any significant alteration in the amount or molecular weight of the YFP-D6PK proteins (Fig. 5B) . Next, we investigated localization of the YFP-D6PK proteins in the transgenic plants. When the transgenic plants were grown under complete darkness, YFP signal was detected around endodermal cell peripheral regions. This result indicated that, as with PIN3 proteins (Friml et al. 2002 , Ding et al. 2011 , D6PK proteins are also distributed around endodermal cell peripheral regions (Fig. 5C) . We next examined whether phototropic stimulation induces asymmetrical distribution of D6PK proteins. However, pulsed blue light did not influence localization of YFP signals significantly when we quantified signal intensities derived from YFP-D6PK at outer cell membranes of endodermal cells (Fig. 5C, D) where PIN3 is localized asymmetrically in response to phototropic stimulation (Ding et al. 2011 ). The results suggest that blue-light irradiation does not significantly affect the distribution of D6PK proteins.
Next, we investigated whether phototropic early signaling events are impaired in the d6pk mutants under our experimental conditions ( Fig. 6; Supplementary Fig. S4 ). A previous study had already indicated that the triple mutations of d6pk012 have no effect on expression and phosphorylation patterns of phot1 and NONPHOTOTROPIC HYPOCOTYL 3 (NPH3) (Willige et al. 2013) . We confirmed those patterns in the d6pk0123 quadruple mutant under the current experimental conditions. When wildtype seedlings were irradiated with a weak blue light, changes in the molecular weights of phot1 and NPH3 proteins, presumably reflecting alterations of phosphorylation status, were observed by immunoblot analysis ( Fig. 6; Supplementary Fig. S4 ). Similar mobility shifts were detected in the d6pk single and quadruple mutants ( Supplementary Fig. S4 ), indicating that the D6PK family does not participate in the regulation of blue-light-induced phosphorylation of phot1 proteins and dephosphorylation of NPH3 proteins as reported previously (Willige et al. 2013 ).
Another AGCVIII kinase participates in the first positive phototropism
The AGCVIII kinase family, including subfamilies of phots, D6PKs and PIDs, has critical roles in phototropism , Willige et al. 2013 , Haga et al. 2014 . Accordingly, we hypothesized that other AGCVIII kinases that have not been analyzed yet may also possess some functional roles in phototropic responses ( Supplementary Fig. S2 ). To investigate these possibilities, we analyzed pulse-and continuous-light-induced phototropism in mutants of the entire AGCVIII gene family ( Fig. 7 ; Supplementary Fig. S5 ), with the exception of the D6PK genes analyzed above as well as the PID/WAG genes analyzed previously . Although all of the agc kinase mutants exhibited almost normal responses in the continuous-light-induced phototropism (Fig. 7B) , significant defects of pulse-induced phototropism were observed in the . Dark-grown seedlings were pre-treated with overhead red light and after 2 h were stimulated with a pulse of blue light at the optimum fluence (Fig.2B) . Phototropic curvatures were determined 3 h after the onset of blue light. The data shown are the means ± SE from 15-16 seedlings. Asterisks represent a statistically significant difference between the wild type and the d6pk mutant (Student's t-test, **P < 0.01). (B) Effects of blue light on D6PK proteins. Dark-grown d6pk transgenic plants harboring D6PKpro::YFP-D6PK were pre-treated with overhead red light and after 2 h were stimulated with unilateral blue light at 0.17 mmol m À2 s À1 for 1 h. Crude protein samples were prepared from the shoots. Proteins (30 mg) in each fraction were separated by 7.5% SDS-PAGE, followed by immunoblotting with anti-GFP antibody. agc1-12 mutants (Fig. 7A) . agc1-3 and agc1-8 mutants also showed slight impairments of pulse-and/or continuous-lightinduced phototropism, respectively, but these differences were not statistically significant in all available alleles (Fig. 7) .
To characterize the phototropic impairment found in the agc1-12 mutants, a fluence-response relationship of pulseinduced phototropism was investigated. The agc1-12 mutant exhibited much less phototropic curvature at all examined fluences of blue light, but the fluence-response relationship was not different between the wild type and agc1-12 mutant irrespective of red-light pre-treatment (Fig. 8A) . Therefore, we concluded that AGC1-12 is probably involved in fundamental mechanisms responsible for pulse-induced phototropism. To investigate whether agc1-12 mutants have other physiological defects, elongation growth and hypocotyl gravitropism were examined. Although 2-day-old dark-grown agc1-12 mutants showed normal elongation of hypocotyls (Fig. 8B) , hypocotyl gravitropism was partially impaired in the mutants (Fig. 8C) , implying that phototropic and gravitropic defects do not result from impairments of hypocotyl growth. A similar gravitropic defect was observed in the d6pk single mutant, corresponding to what had been previously described for the d6pk01 double and d6pk012 triple mutants ( Fig. 8C ; Willige et al. 2013 ). These results suggest that AGC1-12, like D6PKs, is involved not only in phototropic but also in gravitropic responses. Fig. 7 Hypocotyl phototropism in agc kinase mutants. (A) Pulse-induced phototropism. Two-day-old dark-grown seedlings were pre-treated with red light and were stimulated with a pulse of blue light at the optimum fluence (see Fig.2B ). The data shown are the means ± SE from 16 seedlings. The asterisk shows a statistically significant difference between the wild type and mutants (Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001). (B) Continuous-light-induced phototropism. The seedlings were pre-treated with red light and were stimulated with unilateral blue light at 0.17 mmol m À2 s À1 for 3 h. The data shown are the means ± SE from eight seedlings. Fig. 6 Blue-light-induced alteration of phot1 and NPH3 proteins in the d6pk quadruple mutant. Two-day-old dark-grown seedlings were pretreated with overhead red light and after 2 h were irradiated with unilateral blue light at 0.17 mmol m À2 s À1 for 1 h, and soluble proteins and crude microsomal proteins were prepared from the shoots. Proteins (6 mg) in each fraction were separated by 7.5% SDS-PAGE, followed by immunoblotting with anti-PHOT1 and anti-NPH3 antibodies.
AGC1-12 phosphorylates the PIN protein
We investigated whether AGC1-12 has kinase activities with PIN proteins, as well as D6PK and PID (Fig. 9) . Because D6PK and PID phosphorylate serine residues in the cytoplasmic loop of PIN1 proteins (Zourelidou et al. 2009 , 2014 , Weller et al. 2017 , hydrophilic regions of PIN1 proteins were prepared. In addition to D6PK and PID, AGC1-12 phosphorylated the truncated PIN1 proteins (Fig. 9) . We also analyzed which serine residues are preferentially phosphorylated by AGC1-12 using mutated PIN1 proteins in which serine residues were substituted with alanine residues. Kinase activities of AGC1-12 were reduced to <50% when the S271 (S4) site of PIN1 proteins was substituted. A similar reduction was observed in PIN1 proteins modified by three mutations in S231, S252 and S290 (S1-S3). These results indicate that AGC1-12 is an active protein kinase with a phosphosite preference similar to that previously reported for D6PK, but distinct from that of PID ).
Discussion
Recent investigations, as well as the present study, indicate that AGCVIII family kinases are necessary for the full appearance of hypocotyl phototropism. We have summarized the roles of AGCVIII kinases in phototropic responses in Table 1 . Phototropic blue-light receptor phots are involved in both first and second positive phototropism (Briggs 2014) . Recently, we reported that AGCVIII kinases of the PID family (PID, PID2, WAG1 and WAG2) participate specifically in the phytochrome-mediated enhancement of pulse-induced first positive phototropism (Haga et al. 2014) . In the present study, we have shown that AGCVIII kinases of the D6PK family (D6PK, D6PKL1-D6PKL3) are necessary for both first and second positive phototropism, while AGC1-12, a previously uncharacterized AGCVIII kinase, is involved in pulse-induced phototropism. In addition, agc1-3 and agc1-8 showed slight defects in pulse-induced and continuous-light-induced phototropism, respectively, although we could not detect a significant difference in hypocotyl (Fig.1B) was reproduced for comparison. (C) Hypocotyl gravitropism in agc1-12 mutants. Two-day-old dark-grown seedlings were displaced by 90 . Gravitropic curvatures were determined 8 h after displacement. The data shown are the means ± SE from 27-40 seedlings. The asterisk shows a statistically significant difference between the wild type and mutants (Student's t-test, ***P < 0.001).
curvatures in one of the two agc1-3 mutant lines (Fig. 7) . Therefore, it appears that these kinases and other uncharacterized AGCVIII kinases function redundantly in phototropic responses. Further investigations will be necessary to gain a full understanding of phototropic signaling.
The present study demonstrates that both the D6PK family and AGC1-12 are involved in pulse-induced first positive phototropism (Figs. 2, 7, 8) . We recently reported that the PID family specifically functions in the phytochrome-mediated enhancement of pulse-induced phototropism (Haga et al. 2014 ; Table 1 ). In contrast, d6pk and agc1-12 mutants show impairment of pulse-induced phototropism irrespective of red-light pre-treatment (Figs. 2A, B, 8A) . Furthermore, hypocotyl elongation was not impaired in either mutant (Figs. 1B, 8B) . These results indicate that D6PK kinases, as well as AGC1-12, are fundamental regulatory elements for pulse-induced phototropic responses. In addition, hypocotyl gravitropic responses were also partially impaired in d6pk and agc1-12 mutants ( Fig. 8C ; Willige et al. 2013) . These results strongly suggest that the D6PK family and AGC1-12 are required for both phototropic and gravitropic responses in Arabidopsis hypocotyls. Although further studies will be necessary, it can also be envisaged that D6PK and AGC1-12 kinases have critical roles in other physiological responses, such as circumnutation and autotropism.
PIN proteins are required for pulse-induced phototropism and gravitropism in hypocotyls (Rakusová et al. 2011, Haga and . These functions could be regulated through phosphorylation of serine residues in the cytoplasmic loop of PIN proteins by D6PK and PID (Zourelidou et al. 2009 , Huang et al. 2010 , Willige et al. 2013 . PID mainly phosphorylates three serine residues (S231, S252 and S290) in the hydrophilic loop to regulate the distribution of PIN proteins (Huang et al. 2010 ). D6PK phosphorylates not only PID-mediated phosphorylation sites but also another serine residue (S271) in the cytoplasmic loop of PIN proteins, leading to the control of PIN-mediated auxin transport activity (Zourelidou et al. 2009 , Willige et al. 2013 , Weller et al. 2017 . The present study has demonstrated that AGC1-12 also phosphorylates PIN1 proteins and that the preference for phosphorylation sites of AGC1-12 is similar to that of D6PK, at least in vitro (Fig. 9) . Therefore, it appears that AGC1-12, as well as D6PKs, participates in PIN-mediated tropic responses through phosphorylation of PIN proteins, resulting in regulation of auxin transport activity.
In contrast to pulse-induced phototropism, single mutants of AGCVIII kinases did not show significant defects of continuous-light-induced second positive phototropism (Figs. 2, 7, 8) . The d6pk mutants displayed severe impairment in continuouslight-induced phototropism when combined into higher order mutants (Fig. 2D) . In particular, the d6pk0123 quadruple mutant showed severe phototropic impairment when relatively weak blue light (0.17 mmol m À2 s À1 ) was used (Fig. 2) . This d6pk0123 mutant also displayed severe phototropic defects when a strong blue light (120 mmol m À2 s
À1
) was used (Willige et al. 2013) , indicating that the D6PK family is a critical component for continuous-light-induced phototropism under both weak and strong blue-light conditions.
Our previous analysis indicated that a PIN-independent pathway is involved in continuous-light-induced second positive phototropism in Arabidopsis hypocotyls . On the other hand, analysis with pin347 triple mutants showed severe impairment of hypocotyl phototropism induced by a strong blue light (Willige et al. 2013) . Such a severe defect was also observed in the present study (Fig. 2F) . However, under a relatively weak blue light, severe phototropic impairment was not observed in the pin triple mutant when seedlings were stimulated for a long period (Fig. 2F) . The result suggests Fig. 9 Phosphorylation of PIN1 hydrophilic loops by AGC1-12. GSTtagged recombinant AGC1-12, D6PK and PID kinases were prepared. Serine residues of the recombinant GST-tagged hydrophilic region of PIN1 fragments were substituted by alanine, S1A (S231A), S2A (S252A), S3A (S290A) and S4A (S271A). A representative autoradiograph (AR) and Coomassie brilliant blue (CBB)-stained loading control are shown. that a PIN-dependent mechanism functions under strong bluelight conditions and a PIN-independent mechanism functions under weak light conditions in hypocotyl phototropism. Although a prolonged irradiation by weak blue light induced phototropic curvatures in the d6pk0123 quadruple mutant to some extent, it is possible that the D6PK family is involved in both PIN-dependent and -independent mechanisms, suggesting that the D6PK family controls the function of other proteins, in addition to the PIN proteins, to induce phototropic responses. Continuous-light-induced second positive phototropism is probably regulated by more complex mechanisms than expected. Analysis using DR5::GFP/GUS auxin reporter genes and a fluorescent auxin analog indicates that D6PK is clearly involved in the generation of the auxin lateral gradient during continuous-light-induced second positive phototropism ( Fig. 4; Willige et al. 2013 ). On the other hand, the d6pk single and d6pk012 triple mutants exhibited obvious hypocotyl curvatures in continuous-light-induced responses (Fig. 2D, E) , even though gradients of DR5rev::GFP and DR5::GUS expression in addition to NBD-NAA were severely impaired ( Fig. 4 ; Willige et al. 2013) . It is still unclear whether asymmetric auxin distribution occurs in those d6pk mutants during hypocotyl phototropism. However, the present study at least indicates the possibility that a small auxin gradient which is not detected by analysis using a reporter gene induces phototropic curvatures in Arabidopsis hypocotyls.
We showed here that, under relatively weak blue-light conditions, the phosphorylation status of the phot1 and NPH3 proteins was not affected in the d6pk0123 quadruple mutant ( Fig. 6;  Supplementary Fig. S4 ). Even under strong blue-light conditions, blue-light-induced alteration of phosphorylation status in the phot1, NPH3 and PHYTOCHROME KINASE SUBSTRATE 4 (PKS4) proteins was not significantly different between the wild type and d6pk triple mutant (Willige et al. 2013) . Therefore, it is most likely that the D6PK family does not participate in the regulation of early phototropic signaling components.
The present study demonstrates that the previously characterized D6PKs, as well as other previously uncharacterized AGCVIII kinases, most prominently AGC1-12, are necessary for phototropic responses. However, our analysis does not uncover how blue light regulates these kinases. One of the proposed models is phot-mediated transcriptional downregulation, which is postulated in the case of a PID-dependent pathway (Ding et al. 2011) . Nevertheless, transcriptional downregulation of PID is not mediated by phot but by a phytochrome , suggesting that the proposed model is not a major pathway and that another regulatory mechanism must exist. Therefore, it is still not known how phot-mediated phototropic signal transduction participates in the functional regulation of the AGCVIII family to induce phototropic responses. Alternatively, phot may not control the function of these kinases directly, and it is possible that early phototropic signaling is not mediated by such kinases. Further studies are necessary to clarify the functional regulation and physiological significance of the phosphorylation status in phototropic responses.
Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana seeds of d6pk (Salk_061847), d6pkl1 (Salk_056618), d6pkl2 (Salk_086127), d6pkl3 (Salk_047347) and multiple mutants were prepared previously (Zourelidou et al. 2009 , Willige et al. 2013 . The pin3-4 (Salk_038609), pin4-3 (CS9368), pin7 (Salk_048791), agc2-1 (CS324343), agc2-2 (CS121904, CS112326), agc2-3 (Salk_084711, Salk_044862), agc2-4 (Salk_024621, Salk_066654), agc1-3 (CS875957, CS866738), agc1-4 (Salk_114255, Salk_055784), agc1-5 (Salk_073610, N431156), agc1-6 (GK_568E12, WiscDsLoxHs168_06 C), agc1-7 (Salk_033971), kipk (Salk_024096), agc1-8 (Salk_015563, Salk_087379), agc1-9 (Salk_200701) and agc1-12 (CS862340, Salk_064352) mutants were obtained from the Arabidopsis Biological Resource Center (The Ohio State University). The pin3 pin4 pin7 (pin347) triple mutant was produced by crossing pin3-4, pin4-3 and pin7 mutants. The d6pk pin3 double mutant was produced by crossing the d6pk mutant with the pin3-4 mutant. The d6pk mutant harboring DR5rev::GFP was produced by crossing the d6pk mutant with a Columbia strain containing DR5rev::GFP. All of the mutants are from the Columbia background.
For cloning of D6PKpro::YFP-D6PK, the inserts were amplified by PCR and cloned as follows. The 5 0 region of D6PK genomic DNA (from À2,765 to +21 bp from the start codon) was cloned in pDONR221P1-P4 (Thermo Fisher Scientific, https://www.thermofisher.com). The 3 0 region of D6PK genomic DNA (from +21 to +1,951 bp from the start codon) was cloned in pDONR221P3-P2 (Thermo Fisher Scientific). The nucleotide sequences of PCR primers were as follows: D6PK6B1 (5 0 -GGGGACAAGTTTGTACAAAAAAGCAGGCTGGTAAACGAATTTG CGTGTAGAAG) and D6PK6B4 (5 0 -GGGGACAACTTTGTATAGAAAAGTTGGGT GTGGAGTTTTTGAAGCCATCATTAAC) for amplifying the 5 0 region of D6PK genomic DNA; and D6PK6B3 (5 0 -GGGGACAACTTTGTATAATAAAGTTGAAGG ATCACTTACCAATTCCAGTC) and D6PK6B2 (5 0 -GGGGACCACTTTGTACAAGA AAGCTGGGTAGTTTCCTCTTCGTCTGTACAGAG) for amplifying the 3 0 region. The YFP (VENUS) cDNA cloned in pDONR221P4r-P3r was used, as described previously (Haga et al. 2014) . Three different pDONR constructs were recombined with the pGWB501 binary vector (Nakagawa et al. 2007 ) by Multi-Gateway LR reaction (Thermo Fisher Scientific) to obtain D6PKpro::YFP-D6PK. The construct was transformed into the d6pk mutants by Agrobacterium tumefaciens-mediated transformation (Clough and Bent 1998) .
Etiolated seedlings of Arabidopsis were prepared as described previously . Briefly, Arabidopsis seeds were sown in 0.2 ml plastic tubes filled with 1.5% agar medium (Sakai et al. 2000) , placed in a black plastic box and kept at 4 C for 3-5 d. Following irradiation by overhead red light (3-5 mmol m À2 s À1 for 2 h) to induce germination, the prepared seeds were incubated for 2 d under complete darkness. Seedlings of appropriate hypocotyl length (3-5 mm) were selected and kept in a black plastic box to maintain a high humidity until they were handled for treatments. Experimental manipulations were carried out under a dim green light.
Induction of phototropism and gravitropism
For phototropic stimulation, selected seedlings were irradiated using a blue light-emitting diode light source (470 ± 30 nm, LED-B; Eyela) through two layers of a blue filter (no. 72 film; Tokyo Butai Shomei). The fluence rate was controlled with neutral-density plastic filters (Fujifilm) and by changing the distance from the light source to the seedlings. The direction of the phototropic stimulation was perpendicular to the plane of the hook . To enhance the phototropic response, the seedlings were irradiated with an overhead red light (660 ± 20 nm, LED-R; Eyela) at 20 mmol m À2 s À1 for 2 min.
For gravitropic stimulation, the seedlings were displaced by 90 from the vertical under darkness for 8 or 24 h.
Measurement of curvature and growth
The images of dark-grown seedlings were recorded with a digital camera (D5000; Nikon) from which a UV/infrared light cut filter was removed (ICAS Enterprises IDAS division), under infrared illumination (IRDR-110; Nissen Electronics). For time course experiments, images of the seedlings were captured at 10 min or 1 h intervals using the same equipment. The angles and lengths of the hypocotyls were measured with an e-Ruler .
